Dopamine signaling is involved in a variety of neurobiological processes that contribute to learning and memory. D1-like dopamine receptors (including D1 and D5 receptors) are thought to be involved in memory and reward processes, but pharmacological approaches have been limited in their ability to distinguish between D1 and D5 receptors. Here, we examine the effects of a specific knockout of D1 receptors in associative learning tasks involving aversive (shock) or appetitive (cocaine) unconditioned stimuli. We find that D1 knockout mice show similar levels of cued and contextual fear conditioning to WT controls following conditioning protocols involving one, two, or four shocks. D1 knockout mice show increased generalization of fear conditioning and extinction across contexts, revealed as increased freezing to a novel context following conditioning and decreased freezing to an extinguished cue during a contextual renewal test. Further, D1 knockout mice show mild enhancements in extinction following an injection of SKF81297, a D1/D5 receptor agonist, suggesting a role for D5 receptors in extinction enhancements induced by nonspecific pharmacological agonists. Finally, although D1 knockout mice show decreased locomotion induced by cocaine, they are able to form a cocaine-induced conditioned place preference. We discuss these findings in terms of the role of dopamine D1 receptors in general learning and memory processes.
Introduction
Dopamine neurons generate a wide range of firing responses that have been hypothesized to encode features that guide motivation and learning, such as reward value (Tobler, Fiorillo, & Schultz, 2005) , effort (Hamid et al., 2016) , and prediction error (Eshel, Tian, Bukwich, & Uchida, 2016; Schultz & Dickinson, 2000) . Phasic dopamine signals, which occur in response to acute stimulation via pharmacological, opto/chemogenetic, or environmental input, appear to be particularly important for learning (Steinberg et al., 2013; Tsai et al., 2009; Waelti, Dickinson, & Schultz, 2001) . These signals cause a release of dopamine that then binds to different classes of G protein-coupled receptors in dopamine neuron terminal regions. These receptors fall into two broad classes -D1-like dopamine receptors (including D1 and D5) that initiate Ga s or Ga olf signaling and D2-like dopamine receptors (including D2, D3, and D4) that initiate Ga i or Ga o signaling (Beaulieu & Gainetdinov, 2011) . Although a great deal is known about how dopamine acts on these receptors, identifying D1-specific effects in learning processes has been difficult because most pharmacological approaches cannot specifically distinguish between D1 and D5 receptors. D1 and D5 receptors are differentially expressed across the brain; thus, specifying the action of one particular receptor subtype would allow for greater precision in therapeutic development.
Pharmacological approaches have found that antagonists and agonists of D1/5 receptors can modulate cocaine-induced conditioned place preference (CPP; Cervo & Samanin, 1995), fear conditioning (Inoue, Izumi, Maki, Muraki, & Koyama, 2000) , and fear extinction (Abraham, Neve, & Lattal, 2016; Hikind & Maroun, 2008) . These studies suggest that alterations in phasic signaling through D1-like receptors could have effects on fear and reward processing, but there are currently no pharmacological agents available to distinguish the contributions of D1 and D5 receptors to these behaviors. Thus, genetic approaches are required to examine the specific contribution of D1 receptors to learning (Holmes, Lachowicz, & Sibley, 2004; Wall et al., 2011 
